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計畫中文摘要 

關鍵詞：尼古丁、飽和磷脂質、肺表面素蛋白質、肺臟發育 

母親懷孕時有抽煙的習慣，會引起併發症，包括胎兒生長遲緩、胎兒和新生兒死亡、自發

性流產及早產等。尼古丁是引起這些併發症的主要成份，因為它會穿透胎盤，以比母體較

高地濃度聚集在胎兒體內。動物實驗已證實母親懷孕時接觸尼古丁會影響胎兒生長、肺臟

發育、以及出生時的肺功能。人類研究也發現母親抽煙對嬰兒的肺功能有負面的影響。這

些研究認為母親懷孕時抽煙，在子宮內就會阻礙胎兒氣道的發育和改變肺臟彈力特性，但

是這些變化的真正機轉仍然不清楚。文獻上關於產前母親抽煙對肺組織飽和磷脂質的量以

及肺表面素蛋白質的表現，著墨並不多。 

我們設計這個實驗來探討母鼠接觸尼古丁對於初生頭幾週大老鼠的肺表面素系統及肺形

態學的作用。我們使用定時懷孕的大白鼠，在懷孕第三天至二十一天時，每天每公斤皮下

注射2毫克尼古丁。對照組則注射等量的生理食鹽水。所有老鼠皆讓其自然產出。在出生

後第一、四、七、十、十四、二十一、三十五及第六十天時，各組在每一階段隨機取六隻

新生老鼠，麻醉後測量其體重及器官重量。均質化右肺的上葉及中葉，用氯仿和甲醇萃取

飽和磷脂質並定量之。以反轉錄PCR測量右肺下葉的肺表面素蛋白質的表現。左肺則以立

體方法測量出生後肺臟生長的情形。這研究的目的是在瞭解母親抽煙影響嬰兒肺功能的致

病機轉。 

計畫英文摘要 

Maternal smoking during pregnancy may impair pulmonary function in infants and children but 
the exact mechanisms underlying these changes remain to be determined.  

Timed pregnant Sprague-Dawley rats were injected subcutaneously with nicotine at a dose of 2 
mg/kg/day from day 3 to day 21 of gestation. A control group was injected with saline. 

Nicotine-exposed rats exhibited a significantly higher lung volume and lung volume/body weight 
ratio on postnatal day 28 when compared with control rats. Lung saturated phosphatidylcholine 
contents and expressions of surfactant protein (SP)-A, SP-B, SP-C, and SP-D mRNAs were similar 
between controls and nicotine-exposed rats. On postnatal day 1, nicotine-exposed rats exhibited a 
significantly lower volume fraction of alveolar airspace, higher volume fraction of alveolar wall, 
larger alveolar wall thickness, and smaller surface density of alveolar walls. On postnatal day 28, 
nicotine-exposed rats exhibited a significantly smaller alveolar wall thickness and larger surface 
density of alveolar walls. 
In conclusion, maternal nicotine exposure does not affect lung surfactant lipid or surfactant protein 
genes expression but does alter lung development in postnatal rats. These results suggest that 
exposure to antenatal nicotine may produce structural alterations in the developing respiratory 
system and create various changes during different stages of lung development.  
Keywords: Nicotine, saturated phosphatidylcholine, surfactant protein, lung 
Introduction 

Maternal smoking has been associated with pregnancy complications including fetal growth 
retardation, fetal and neonatal death, a higher incidence of spontaneous abortion, and premature 
delivery [1]. Nicotine is the causative agent for these effects because it is a major pharmacological 
constituent of tobacco smoke that readily crosses the placenta and is concentrated in the fetus at a 
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level 15% higher than that in the mother [2]. Animal studies have demonstrated that maternal 
nicotine and tobacco smoke exposure adversely affect fetal growth, fetal lung development, and 
pulmonary function at birth as manifested by decreased expiratory flow rates and increased 
pulmonary resistance [3-5].  

The incidence of respiratory distress syndrome for infants of mothers who smoke during 
pregnancy was lower than that of infants of nonsmoking mothers [6, 7]. Smoke-exposed fetuses 
have higher amniotic fluid saturated phosphatidylcholine levels and lecithin-to-sphingomyelin 
ratios than unexposed fetuses [8]. Although maternal smoking during pregnancy enhances fetal lung 
maturation, several studies have demonstrated the negative impact of prenatal maternal smoking on 
early infant lung function [9-11]. Hanrahan et al. found that forced expiratory flow rates in infants 
born to smoking mothers was significantly lower than those found in infants whose mothers did not 
smoke during pregnancy [10]. Milner et al. performed lung function tests within 72 h of delivery 
and found that maternal smoking in pregnancy reduced static compliance in boys and conductance 
in girls [11]. These studies suggested that maternal smoking during pregnancy might impair in utero 
airway development, although the exact mechanisms underlying these changes remain to be 
determined. Maritz et al. reported that prenatal and neonatal nicotine exposure might decrease 
elastin content and arrest alveolar development in neonatal rats [12, 13]. Sekhon et al. found that 
nicotine exposure during pregnancy not only caused lung hypoplasia but it also increased airway 
wall thickness and stimulated the synthesis of collagen in airway wall and alveolar compartments in 
preterm monkeys [14, 15]. The aim of this study was to elucidate the mechanism underlying the 
impaired lung function in infancy and childhood. 
Methods  
Animals 

Timed pregnant Sprague-Dawley rats were injected subcutaneously with nicotine tartrate (Sigma, 
St. Louis, MO, USA) at a dose of 2 mg/kg/day from day 3 to day 21 of gestation. A control group 
was injected with an equal volume of 0.9% NaCl. On days 1, 7, 14, 21, 28, 35, and 42 after birth, 
rats were randomly selected from each group, irrespectively of sex.  
Measurement of lung tissue saturated phosphatidylcholine 

Right lung was homogenized and extracted with chloroform-methanol [16]. Lipid extracts were 
treated with osmium tetroxide, and saturated phosphatidylcholine was recovered by alumina 
column chromatography and was quantified by phosphorus assay [17, 18].  
Surfactant protein expression by RT-PCR 

Gene expressions of SP-A, SP-B, SP-C, and SP-D were measured with reverse 
transcriptase-polymerase chain reaction (RT-PCR) in right lung.  
Morphological analysis of lung  

Left lung was fixed by 10% buffered formalin at a pressure of 25 cmH2O for 10 min. After 
ligation of the left main bronchus, the lungs were placed in buffered formalin for 24 h to 
continue fixation. Left lung volume was determined by fluid displacement [19] and extrapolated 
to obtain total lung volume using total lung weight. Lung morphometry examined by point 
counting using a light microscope showed that the proportion of parenchyma was highly 
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constant in all lobes [20]. Digitized images from 20 non-overlapping fields were captured from 
lung sections. Images were printed and examined at a final magnification of ×400. The number 
of points that fell on alveolar airspace, alveolar wall, alveolar duct, and nonparenchyma were 
counted by superimposing transparent grids (49 points) onto enlarged printed images [21].  
Statistical analysis  

Data are expressed as the mean ± SEM. Between-group comparisons were made using Student’s 
t-test. Differences were considered significant at p < 0.05.  
Results  

There were 110 fetuses from 11 rats in the control group and 101 fetuses from 12 rats in the 
nicotine-treated group. There was no significant difference in litter size between the two study 
groups. 
Effects of antenatal nicotine treatment on maternal body weight 

Body weights before treatment were comparable between control and nicotine-treated dams 
(Figure 1). Body weights of nicotine-treated dams were lower than those of control dams from 
gestational days 5 to 21, and the values reached statistical significance on gestational days 17, 20, 
and 21.  
Body weight, lung weight, and lung volume in control and nicotine-exposed rats  

Effects of maternal nicotine exposure on neonatal body weight, lung weight, and lung volume 
are presented in Table 1.  
Saturated phosphatidylcholine in control and nicotine-exposed rat lung 

Saturated phosphatidylcholine per body weight was significantly higher in total lung on postnatal 
day 1 than at any other age in both groups (p < 0.001, Figure 2).  
Surfactant protein gene expression in control and nicotine-exposed rat lung  

Lung SP-A, SP-B, SP-C, and SP-D mRNAs expressions were similar between control and 
nicotine-exposed rats during the study period (Figure 3).  
Effects of maternal nicotine exposure on lung morphometry 

On postnatal day 1, nicotine-exposed rats exhibited a significantly lower volume fraction of 
alveolar airspace and a significantly higher volume fraction of alveolar wall than did control rats 
(Figure 4).  
Discussion 

In this study, we found that total lung saturated phosphatidylcholine content was higher on 
postnatal day 1 than at any other age and fell as the rats aged in both study groups. These results are 
in agreement with the generalization that total lung surfactant pools are higher at term birth than at 
any other time in an animal’s life [23]. Total saturated phosphatidylcholine contents were similar 
between control and nicotine-exposed rat lungs on each postnatal day. The effects of cigarette 
smoking on surfactant status are inconsistent. Human fetuses exposed to intrauterine cigarette 
smoke have higher amniotic fluid saturated phosphatidylcholine levels than do unexposed fetuses 
[8]. Wirtz et al. noted that cigarette smoke directly inhibits phosphatidylcholine secretion in 
cultured rat alveolar type II cells [24]. As surfactant lipid was not measured separately in lung tissue 
or alveolar wash we do not know the exact effect of nicotine administration on the secretion of 
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surfactant in the rat lung. Maternal nicotine exposure during pregnancy and lactation has been 
reported to increase the type II cell count and lamellar body content of type II cells in early 
postnatal rats [25]. However, in this study, we found that prenatal nicotine exposure had no effect 
on total lung saturated phosphatidylcholine content in postnatal rats. These results suggest that 
maternal nicotine exposure might alter the relationship between volume density of type II cells and 
surfactant content in lung tissue. Similar phenomena have been observed in fetal guinea pig lungs 
during prenatal starvation and in fetal lamb lungs with an experimental diaphragmatic hernia [26, 
27].  

Four lung-specific proteins have been found to be associated with the surfactant [28]. Surfactant 
proteins are synthesized primarily by alveolar type II cells or bronchiolar epithelial cells and are 
required both for the transition between lamellar bodies and tubular myelin, and for the spreading 
of tubular myelin components to the surface film [29]. Schellhase et al. investigated the ontogeny 
of SP-A, SP-B, and SP-C mRNAs in the developing rat lung and speculated that genes for 
surfactant proteins may be differentially regulated [30]. In this study, we describe for the first time 
the ontogeny of surfactant protein mRNAs in the postnatal rat lung after antenatal nicotine exposure. 
The results show that maternal nicotine exposure did not affect the gene expressions of SP-A, SP-B, 
SP-C, and SP-D in the lung and suggest that the pulmonary epithelium is not affected by in utero 
exposure to nicotine. These findings are in agreement with the observations of Hermans et al. [31], 
who found the absence of change in SP-A in amniotic fluid at term and suggested that maternal 
smoking during pregnancy is not associated with alterations in the secretory functions of the 
epithelium of the distal airway or the alveoli.  

In the present study we found that nicotine-exposed rats exhibited a significantly greater alveolar 
wall thickness and smaller surface density of the alveolar walls on postnatal day 1. Decreased 
alveolar surface area is associated with decreased lung compliance and increased resistance while 
increased alveolar wall thickness is associated with disturbed pulmonary diffusion capacity. Sekhon 
et al. found that nicotine exposure during pregnancy increased airway wall area and stimulated the 
synthesis and accumulation of collagen types I and III in airway and alveolar walls during the fetal 
period [15]. We speculated that the increased alveolar wall thickness of nicotine-exposed rats on 
postnatal day 1 in our study was caused by collagen deposition. This hypothesis needs further study 
for confirmation. Changes in lung volume and surface density of alveolar walls in control rats 
during the first 21 days of life were similar to those reported by Burri et al. [32]. On postnatal day 
28, nicotine-exposed rats exhibited an increased volume fraction of alveolar airspace, thinner 
alveolar walls, and a larger surface density of alveolar walls. These results are in agreement with 
the findings of Nikula et al. [33], who found that mice exposed to cigarette smoke for 7 to 13 
months had significantly greater lung volumes and larger alveoli.  

In conclusion, this study found that maternal nicotine exposure during pregnancy does not 
influence lung surfactant lipid or surfactant protein genes expression but does alter lung 
development in postnatal rats. These results suggest that exposure to antenatal nicotine may 
produce structural alterations in the developing respiratory system and create various changes 
during different stages of lung development.  



 5

References 
1. Pirani BBK. Smoking during pregnancy. Obstet Gynecol Surv 1978;33:1-13. 
2. Luck W, Nau H, Hansen R, Steldinger R. Extent of nicotine and cotinine transfer to the human 

fetus, placenta and amniotic fluid of smoking mothers. Dev Pharmacol Ther 1985;8:384-395. 
3. Collins MH, Moessinger AC, Kleinerman J, Bassi J, Rosso P, Collins AM, James LS, Blanc WA. 

Fetal lung hypoplasia associated with maternal smoking: a morphometric analysis. Pediatr Res 
1985;19:408-412. 

4. Maritz GS. Effect of maternal nicotine exposure on growth in vivo of lung tissue of neonatal 
rats. Biol Neonate 1988;53:163-170. 

5. Sekhon HS, Kelleer JA, Benowitz NL, Spindel ER. Prenatal nicotine exposure alters pulmonary 
function in newborn rhesus monkeys. Am J Respir Crit Care Med 2001;164:989-994. 

6. Curet LB, Rao AV, Zachman RD, Morrison J, Burkett G, Poole WK. Maternal smoking and 
respiratory distress syndrome. Am J Obstet Gynecol 1983;147:446-450. 

7. White E, Shy K, Daling JR, Guthrie RD. Maternal smoking and infant respiratory distress 
syndrome. Obstet Gynecol 1986;67:365-370. 

8. Lieberman E, Torday J, Barbieri R, Cohen A, Vunakis HV, Weiss ST. Association of intrauterine 
cigarette smoke exposure with indices of fetal lung maturation. Obstet Gynecol 
1992;79:564-570. 

9. Taylor B, Wadsworth J. Maternal smoking during pregnancy and lower respiratory tract illness 
in early life. Arch Dis Child 1987;62:786-791.  

10. Hanrahan JP, Tager IB, Segal MR, Tosteson TD, Castile RG, Vunakis HV, Weiss ST, Speizer FE. 
The effect of maternal smoking during pregnancy on early infant lung function. Am Rev Respir 
Dis 1992;145:1129-1135. 

11. Milner AD, Marsh MJ, Ingram DM, Fox GF, Susiva C. Effects of smoking in pregnancy on 
neonatal lung function. Arch Dis Child 1999;80:F8-F14. 

12. Maritz GS, Woolward K. Effect of maternal nicotine exposure on neonatal elastic tissue and 
possible consequences. S Afr Med J 1992;81:517-519. 

13. Maritz GS, Dennis H. Maternal nicotine exposure during gestation and lactation interferes with 
alveolar development in the neonatal lung Reprod Fertil Dev 1998;10:255-261. 

14. Sekhon HS, Jia Y, Raab R, Kuryatov A, Pankow JF, Whitsett JA, Lindstrom J, Spindel ER. 
Prenatal nicotine increases pulmonary alpha7 nicotinic receptor expression and alters lung 
development in monkeys. J Clin Invest 1999;103:637-647. 

15. Sekhon HS, Keller JA, Proskocil BJ, Martin EL, Spindel ER. Maternal nicotine exposure 
upregulates collagen expression in fetal monkey lung. Association with alpha7 nicotinic 
acetylcholine receptors. Am J Respir Cell Mol Biol 2002;26:31-41. 

16. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification. Can J Biochem 
Physiol 1959;37:911-917. 

17. Barlett GR. Phosphorous assay in column chromatography. J Biol Chem 1959;234:466-468. 
18. Mason RJ, Nellenbogen J, Clements JA. Isolation of disaturated phosphatidylchioline with 

osmium tetroxide. J Lipid Res 1976;17:281-284. 



 6

19. Scherle W. Simple method for volumetry of organs in quantitative stereology. Mikroskopie 
1970;26:57-60.  

20. Zeltner TB, Bertacchini M, Messerli A, Burri PH. Morphometric estimation of regional 
differences in the rat lung. Exp Lung Res 1990;16:145-158. 

21. Weibel ER. Stereological Methods. New York: Academic; 1979, Vol. 1, p. 9-196.  
22. Maritz GS. Maternal nicotine exposure during gestation and lactation of rats induce microscopic 

emphysema in the offspring. Exp Lung Res 2002;28:391-403. 
23. Ohashi T, Pinkerton K, Ikegami M, Jobe AH. Changes in alveolar surface area, surfactant 

protein A, and saturated phosphatidylcholine with postnatal rat lung growth. Pediatr Res 
1994;35:685-689.  

24. Wirtz HR, Schmidt M. Acute influence of cigarette smoke on secretion of pulmonary surfactant 
in rat alveolar type II cells in culture. Eur Respir J 1996;9:24-32.  

25. Maritz GS, Thomas RA. Maternal nicotine exposure: response of type II pneumocytes of 
neonatal rat pups. Cell Biol Int 1995;19:323–331.  

26. Lin Y, Lechner AJ. Surfactant content and type II cell development in fetal guinea pig lungs 
during prenatal starvation. Pediatr Res 1991;29:288-291. 

27. Bratu I, Flageole H, Laberge JM, Possemayer F, Harbottle R, Kay S, Khalife S, Piedboeuf B. 
Surfactant levels after reversible tracheal occlusion and prenatal steroids in experimental 
diaphragmatic hernia. J Pediatr Surg 2001;36:122-127. 

28. Hawgood S, Schiffer K. Structures and properties of the surfactant-associated proteins. Annu 
Rev Physiol 1991;53:375-394.  

29. Hawgood S Benson BJ, Halmilton RL Jr. Effects of a surfactant-associated protein and calcium 
ions on the structure and surface activity of lung surfactant lipids. Biochemistry 
1985;24:184-190.  

30. Schellhase DE, Emrie PA, Fisher JH, Shannon JM. Ontogeny of surfactant apoproteins in the rat. 
Pediatr Res 1989;26:167-174. 

31. Hermans C, Libotte V, Robin M, Clippe A, Wattiez R, Falmagne P, Langhendries JP, Bernard A. 
Maternal tobacco smoking and lung epithelium-specific proteins in amniotic fluid. Pediatr Res 
2001;50:487-494. 

32. Burri PH. The postnatal growth of the rat lung. I. Morphometry. Anat Rec 1974;178:711-730. 
33. Nikula KJ, March TH, Seagrave J, Finch G, Barr E, Ménache M, Hahn F, Hobbs C. A mouse 

model of cigarette smoke-induced emphysema. Chest 2000;117:246S-247S. 
 
Table 1. Effect of antenatal nicotine exposure on body weight, lung weight, and lung volume 
 

           n        Age          Body weight        Lung weight         Lung volume       
(d)                      (g)                    (g)                         (ml)             

Control            16               1                  7.42 ± 0.24              0.13 ± 0.00              0.50 ± 0.03         
Nicotine          17               1                  7.16 ± 0.15              0.13 ± 0.01              0.40 ± 0.04           
Control            14               7                16.25 ± 0.80             0.27 ± 0.02              1.05 ± 0.03             
Nicotine          15               7                16.07 ± 0.71             0.27 ± 0.02              0.93 ± 0.06             
Control            15             14                34.87 ± 1.47             0.54 ± 0.02              1.39 ± 0.04            
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Nicotine          15             14                34.80 ± 0.94             0.53 ± 0.02              1.47 ± 0.17             
Control            19             21                62.11 ± 1.73             0.54 ± 0.01              1.82 ± 0.11             
Nicotine          13             21                60.54 ± 1.24             0.58 ± 0.02              1.83 ± 0.09             
Control            15             28                95.40 ± 2.86             0.70 ± 0.03              2.21 ± 0.13         
Nicotine          14             28                96.43 ± 2.81             0.76 ± 0.03              2.90 ± 0.19 *          
Control            16             35              157.56 ± 3.93             1.05 ± 0.05              2.54 ± 0.11         
Nicotine          14             35              151.64 ± 3.17             1.04 ± 0.03              2.50 ± 0.09             
Control            15             42              199.07 ± 4.90             1.21 ± 0.03              4.31 ± 0.09        
Nicotine          13             42              203.69 ± 6.22             1.21 ± 0.07              3.62 ± 0.08             
 
Values are the mean ± SEM; *p < 0.05 compared with control rats at each time point. 
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Figure 3 
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Figure 5 
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